Amphibacillus xylanus grows at the same rate and with the same cell yield under aerobic and anaerobic conditions. Under aerobic conditions, it exhibits vigorous oxygen consumption in spite of lacking a respiratory system and haem catalase. To understand the adaptive response of A. xylanus to oxidative stresses, a genomic analysis of A. xylanus was conducted. The analysis showed that A. xylanus has the genes of four metabolic systems: two pyruvate metabolic pathways, a glycolytic metabolic pathway and an NADH oxidase (Nox)-AhpC (Prx) system. A transcriptional study confirmed that A. xylanus has these metabolic systems. Moreover, genomic analysis revealed the presence of two genes for NADH oxidase (nox1 and nox2), both of which were identified in the transcriptional analysis. The nox1 gene in A. xylanus was highly expressed under normal aerobic conditions but that of nox2 was not. A purification study of NADH oxidases indicated that the gene product of nox1 is a primary metabolic enzyme responsible for metabolism of both oxygen and reactive oxygen species. A. xylanus was successfully grown under forced oxidative stress conditions such as 0.1 mM H 2 O 2 , 0.3 mM paraquat and 80 % oxygen. Proteomic analysis revealed that manganese SOD, Prx, pyruvate dehydrogenase complex E1 and E3 components, and riboflavin synthase b-chain are induced under normal aerobic conditions, and the other proteins except the five aerobically induced proteins were not induced under forced oxidative stress conditions. Taken together, the present findings indicate that A. xylanus has a unique defence system against forced oxidative stress.
INTRODUCTION
Bacteria that grow well in the presence or absence of oxygen are considered to be the most suitable for biomass utilization. For xylan biomass utilization, Niimura et al. (1987) isolated strains capable of assimilating xylan under alkaline conditions in the presence or absence of oxygen from alkaline composts. Since the bacterium showed unique phenotypic and chemotaxonomic characteristics (Niimura et al., 1990) , as well as bioenergetic properties (Koyama et al., 1988) , we named the bacterium Amphibacillus xylanus (Niimura et al., 1990) . A. xylanus belongs to the family Bacillaceae and was later grouped in the Bacillus HA group as well as the halophilic or halotolerant bacteria (Ishikawa et al., 2002) . Although few organisms had been classified in the group when A. xylanus was isolated, the Bacillus HA group came to include 28 genera and 129 species (Arai et al., in aerobic conditions, it exhibits vigorous oxygen consumption (Niimura et al., 1987) .
Based on analyses of its metabolite and metabolic enzyme activities and the purification of an NADH oxidase as an oxygen metabolic enzyme, we previously proposed the presence of pyruvate metabolic pathways that operate under both aerobic and anaerobic conditions and generate similar amounts of ATP (Niimura et al., 1989 (Niimura et al., , 1993 . Although the physiological function of the NADH oxidase was first thought to be the in-vivo regeneration of NAD in the aerobic metabolism of the bacterium, the enzyme was shown to catalyse the reduction of oxygen by NADH to form hydrogen peroxide (Niimura et al., 1993) . Also, the NADH oxidase that acts together with an alkyl hydroperoxide reductase C (AhpC) was found to catalyse the NADH-dependent reduction of both hydrogen peroxide and alkyl hydroperoxides (Niimura et al., 1995) . A. xylanus NADH oxidase has 51.2 % amino acid sequence identity with alkyl hydroperoxide reductase F (AhpF) obtained from Salmonella typhimurium (Jacobson et al., 1989; Niimura et al., 1993) . The ability of AhpF to reduce hydrogen peroxide was not observed in early research (Jacobson et al., 1989 ), but we found that both enzymes scavenge both alkyl hydroperoxides and hydrogen peroxide in the presence of AhpC from S. typhimurium, and that the turnover number of the NADH oxidase is much higher than those of known peroxide-scavenging enzymes (Niimura et al., 1995) . AhpC is now commonly referred to as peroxiredoxin (Prx), and the NADH oxidases (Nox) and AhpF thus belong to a growing new family of peroxiredoxin oxidoreductases (PrxR) (Poole et al., 2000b) . Interestingly, the two enzymes have different reactivities to oxygen (Niimura et al., 1995) . Nox from A. xylanus is more reactive to oxygen than AhpF from S. typhimurium is (Niimura et al., 1995) . Therefore, it is thought that the Nox-Prx system is involved not only in the removal of peroxides but also in oxygen metabolism in the aerobic metabolic pathway of A. xylanus (Niimura et al., 2000) . This would allow the bacteria to grow with the same growth rate and cell yield under both aerobic and anaerobic conditions. To prove this idea, we performed genetic and proteomic analyses of A. xylanus. No genetic data were previously available in the database for A. xylanus, because this bacterial strain belongs to a new genus and a new species.
In the present study, genomic analyses of A. xylanus were initiated parallel to the transcriptional study of its metabolic pathway. Recently, A. xylanus was found to grow under forced oxidative stress conditions. Based on proteomic and transcriptional analyses, we report here on the relation between its metabolic pathway and its defences against strong oxidative stress.
METHODS
Bacterial strain and culture. Amphibacillus xylanus Ep01 (NBRC 15112 T ) was used in this study. The medium (glucose carbon source) and its preparation have been described previously (Niimura et al., 1990) . For aerobic culture, cotton-plugged 500 ml culture flasks containing 100 ml medium or a 10 L jar fermenter (MDL-1001S) containing 5 L medium were used, and air was supplied to the fermenter (0.3 vvm). For the culture in the condition with 80 % oxygen, the aerobic jar fermenter system was used, and mixed prepared gas (80 % O 2 , 20 % N 2 ) was supplied to the fermenter (0.3 vvm) instead of air. For the culture in the PQ stress condition, the same aerobic system was used and PQ (final 0.3 mM) was added to the culture fluid at OD 660 0.3-0.4. For the anaerobic culture, an isobutylene-isoprene rubber-packed 100 ml vial containing 70 ml medium or the 10 L jar fermenter containing 5 L medium was used, and N 2 gas was supplied to the fermenter. The anaerobic status of the culture in this condition was confirmed by adding resazurin dye (redox potential: 2110 mV), which changes colour when reduced, to the medium. For the culture in the H 2 O 2 stress condition, the anaerobic jar fermenter supplied with N 2 gas was used, and 0.1 mM H 2 O 2 was added to the culture fluid at OD 660 0.3-0.4.
Genome sequence and annotation. Amphibacillus xylanus shotgun libraries with average insert sizes of 1.7 kb and 4.7 kb in pUC118 vector (Takara Bio) were constructed. Plasmid clones were endsequenced using dye terminator chemistry on an ABI Prism 3730xl sequencer as described previously (Kawakoshi et al., 2012) . Raw sequence data corresponding to 9.27-fold coverage were assembled using PHRED/PHARAP/CONSED software (http://www.pharap.org) (Ewing & Green, 1998) . For assembly validation, a fosmid library with inserts of 35 kb in the pCC1FOS fosmid vector was constructed using the CopyControl Fosmid library production kit (Epi-centre). Fosmid end sequences were mapped onto the assembled sequence. Fosmid clones that linked two contigs were selected and sequenced by primer walking to close gaps.
Putative nontranslated genes were predicted using the Rfam (Griffiths-Jones et al., 2003) and tRNAscan-SE (Lowe & Eddy, 1997) programs, whereas rRNA genes were identified by using the BLASTN (Altschul et al., 1997) program. For the prediction of proteincoding genes, the Glimmer (Delcher et al., 1999) and GeneMark (Besemer et al., 2001 ) programs were used. The translated sequences of the predicted protein-coding genes were searched against the nonredundant UniProt database (Magrane & UniProt Consortium, 2011) and the protein signature database InterPro (Hunter et al., 2012) . The KEGG database was used for pathway reconstruction (Kanehisa et al., 2004) . Signal peptides in proteins were predicted with SIGNALP (Bendtsen et al., 2004) , whereas transmembrane helices were predicted with TMHMM (Krogh et al., 2001 ).
Northern hybridization. Total RNAs from cells harvested after being cultured to O.D 660 50.4-0.5 at different concentrations of oxygen, namely, 0 % (O 2 -free N 2 gas), 21 % O 2 (air), and 80 % O 2 , or after being exposed to 0.1 mM H 2 O 2 under anaerobic conditions or 0.3 mM paraquat (PQ) under aerobic conditions for 0, 10, or 30 min were isolated using TRIzol (Invitrogen) according to the methods described previously (Kawasaki et al., 2004 (Kawasaki et al., , 2005 .
The RNA (12 mg) was electrophoresed in 1.0 % agarose gels and blotted onto nylon membranes (Hybond-N+). DNA probes were amplified by the polymerase (Takara) chain reaction using chromosomal DNA from A. xylanus as a template and the oligonucleotide primer pairs (Table S1 , available in the online Supplementary Material). After the RNA was subjected to prehybridization at 60 uC for 30 min, the 32 P-labelled probe DNA was hybridized to RNA on the membrane at 60 uC for 12 h. Image analysis was performed with ImageJ software (Abràmoff et al., 2004) .
Preparation of cell-free extracts. Cells were harvested after being cultured to O.D 660 50.4-0.5 at different concentrations of oxygen, namely, 0 % (O 2 -free N 2 gas), 21 % O 2 (air), and 80 % oxygen, or after being exposed to 0.1 mM H 2 O 2 under anaerobic conditions, or 0.3 mM PQ under aerobic conditions for 30 min. The bacterial cells were suspended at 100 mg ml 21 of 50 mM sodium phosphate buffer at pH 7.0. The suspensions were disrupted by three passages through a French pressure cell (SLM-AMINCO) at 1400 kg cm 22 . Cell-free extracts were obtained by centrifugation at 20 000 g for 15 min. The cell-free extracts were dialysed against 50 mM sodium phosphate buffer at pH 7.0.
Enzyme purification. Approximately 180 g (wet weight) of A. xylanus cells was suspended in 540 ml of 50 mM sodium phosphate buffer at pH 7.0, containing 1 mM EDTA, and then stored at 280 uC until use. All manipulations were carried out at 4 uC. The NAD(P)H oxidase and NAD (P)H Prx-dependent peroxidase of A. xylanus were purified from the cell suspension through consecutive steps including ammonium sulfate fractionation (130 g l 21 ), Butyl TOYOPEARL 650S and DEAE Sepharose Fast Flow chromatography as described previously (Niimura et al., 1993) . At the final step, the resultant protein solution that contained both enzyme activities was applied to a DEAE Sepharose Fast Flow column (Q266640 mm column, 340 ml volume) equilibrated with 50 mM sodium phosphate buffer at pH 6.5, containing 1 mM EDTA. The column was washed with a solution of the same buffer containing 120 mM NaCl. Each enzyme was separately eluted with a linear gradient from 120 to 300 mM NaCl. The purity of each enzyme was confirmed by SDS-PAGE and Coomassie brilliant blue R-250 staining. The individual enzyme fractions were concentrated with an Apollo ultrafiltration concentrator (20 kDa cut off, Orbital Biosciences). Protein concentration was determined by the Bradford method.
Two-dimensional (2-D) gel electrophoresis. Protein preparation for 2-D electrophoresis was performed according to the methods described previously (Kawasaki et al., 2004) . Briefly, A. xylanus cells were harvested under the same conditions for each preparation of cell-free extract, and promptly frozen in liquid nitrogen. 2-D gel electrophoresis processes were carried out as described previously (Kawasaki et al., 2004) using 20 mg of each protein. After 2-D gel electrophoresis, the protein spots were excised and applied to an automated protein sequence analyser (model 492HT; Applied Biosystems) to determine the N-terminal sequences. The resultant protein sequences were searched against the A. xylanus genome database.
Enzyme assay. NAD(P)H oxidase activity was measured at 39.5 uC in 1 ml of air-saturated 50 mM sodium phosphate buffer, pH 7.0, containing 0.15 mM NAD(P)H and 0.5 mM EDTA (Niimura et al., 1993) . One unit of activity was defined as the amount of enzyme that catalyses the oxidation of NAD(P)H to NAD(P)
+ at a rate of 1 mmol min
21
. Calculations were performed using the extinction coefficients for NADH at 340 nm (6220 M 21 cm
) or NADPH at 340 nm (6200 M 21 cm 21 ).
Prx-dependent NAD(P)H peroxidase activity was assayed aerobically at 39.5 uC in 1 ml of 50 mM sodium phosphate buffer, pH 7.0, containing 0.15 mM NAD(P)H, 0.5 mM t-butyl hydroperoxide (t-BOOH), 0.5 mM EDTA and 300 mM ammonium sulfate. We found that in the presence of Prx from A. xylanus, the peroxide reductase activities measured in air-saturated solution were the same as those determined under anaerobic conditions (Niimura et al., 2000) . Cellfree extract and 30 mM Prx were mixed with 50 mM sodium phosphate buffer, pH 7.0, containing 0.5 mM EDTA, 300 mM ammonium sulfate, and preincubated at 39.5 uC for 3 min. The reaction was started under aerobic conditions by the addition of substrate solution (NAD(P)H and t-BOOH) in the presence or absence of Prx, and was monitored by the decrease in absorbance at 340 nm with a spectrophotometer. One unit of activity was defined as the amount of enzyme that catalyses the oxidation of NAD(P)H to NAD(P) + at a rate of 1 mmol min
. Superoxide dismutase (SOD) activity was measured under aerobic conditions at 25 uC by the ferricytochrom c-xanthine oxidase method (McCord & Fridovich, 1969) . One unit of SOD activity was defined as the amount of protein that provides a 50 % inhibition of the rate of cytochrome c reduction. The reaction was monitored by the increase in absorbance at 550 nm.
Dihydrolipoamide dehydrogenase (E3) activity was measured under anaerobic conditions at 25 uC as the oxidation of NADH in the presence of 6,8-thioctic acid amide (lipoamide) or the reduction of NAD + in the presence of dihydrolipoamide. Each reaction was monitored by the change in absorbance at 340 nm (Ide et al., 1967) , with some modifications. One unit of activity was defined as the amount of enzyme that catalyses the oxidation of NADH to NAD + or reduction of NAD + or NADH at a rate of 1 mmol min 21 .
RESULTS

Genomic analysis
The genome of Amphibacillus xylanus NBRC15112 T consisted of 2 569 486 bp encoding 2411 ORFs, six rRNA operons and 55 tRNA genes. The average G+C content was 35.7 %. A. xylanus is primarily classified into the rRNA1 group of Bacillus. A phylogenetic group called the Bacillus HA group contains the halophilic, halotolerant, alkalophilic and/or alkalitolerant species of the genus Bacillus as well as the genus Amphibacillus (Ishikawa et al., 2002) . As for relatives of A. xylanus in the Bacillus HA group, complete genomes of Oceanobacillus iheyensis and Halobacillus halophilus, among others, were already sequenced. Thus, we conducted genome synteny analysis of A. xylanus with the relatives (O. iheyensis and H. halophilus) and Bacillus subtilis. A respiratory chain is found in all tested bacteria except for Amphibacillus; however, this synteny analysis showed that the overall synteny in general was highly conserved among this bacterial group including B. subtilis (Fig. S1 ).
B. subtilis is a representative species of the Bacillus family group and its genomic data are the among the most reliable information available on Gram-positive bacteria. Utilizing the complete genome sequence with gene annotation, we compared the ORFs obtained from A. xylanus with the ORFs found in B. subtilis (Table S2 ).
This genomic analysis revealed that A. xylanus lacks the genes of the respiratory chain for oxidative phosphorylation and all related genes except for F-type ATP synthase (Table 1) , and lacks nearly all of the genes enabling the TCA cycle, except for four genes (citZ, citC, citB, fumC) related to the metabolic system as it pertains to acetyl-CoA and a-keto glutarate (Table 1 ).
In addition, A. xylanus has the genes for all enzymes in the glycolytic pathway from glucose to pyruvate (Table 1) . As we predicted in previous studies, the genes of pyruvate metabolic enzymes functioning in both aerobic and anaerobic conditions, superoxide dismutases, NADH oxidase (H 2 O 2 forming) (Nox1), NADH oxidase (H 2 O forming) (Nox2), and alkyl hydroperoxide reductase C (AhpC, Peroxiredoxin), were identified in our genomic analysis, whereas genes for other pyruvate metabolic enzymes, namely, the lactate dehydrogenase gene (ldh) and the pyruvate oxidase gene (pox), were lacking (Table 1, Fig. S2 ).
Expression of metabolic enzyme genes identified in genomic analysis under aerobic conditions
The glycolytic enzyme genes identified by genomic analysis were the glucose-6-phosphate isomerase gene (pgi), 6-phosphofructokinase gene (pfkA), fructose-bisphosphate aldolase gene (fbaA), glyceraldehydes 3-phosphate dehydrogenase gene (gapA), phosphoglycerate kinase gene (pgk), 2,3-bisphosphoglycerate-independent phosphoglycerate mutase gene (gpmI), enolase gene (eno) and pyruvate kinase gene (pykA). The genes for pgi, pfkA, fbaA, pgk and pykA were neither induced nor repressed under aerobic conditions. The genes for gapA, gpmI, and eno were slightly induced or induced under aerobic conditions (Fig. S3) . As for pyruvate metabolic enzyme genes, the expression of specific enzyme genes in the anaerobic pathway, namely, pyruvate formatelyase gene (pflB) and alcohol dehydrogenase gene (adh), tended to be repressed or hardly influenced under aerobic conditions [ Fig. 1a(i) ]. Phosphate acetyltransferase gene (pta), acetate kinase gene (ackA) and acylphosphate phosphohydrolase gene (acyP), all of which are common enzyme genes in both aerobic and anaerobic pathways, were not induced under aerobic conditions [ Fig. 1a(ii) ].
On the other hand, the pyruvate dehydrogenase complex (PDH complex) genes (pdhA, B, C and D), enzyme genes in the aerobic pathway, were predominantly induced under aerobic conditions [ Fig. 1a( iii)]. NADH oxidase (H 2 O 2 forming) gene (nox1), AhpC gene (prx) and manganese superoxide dismutase gene (sodA), which were previously proposed to be involved in the oxygen metabolic system, and reactive oxygen species (ROS) degrading enzyme genes (Niimura et al., 2000) were also predominantly induced under aerobic conditions, but NADH oxidase (H 2 O forming) gene (nox2) was not induced under aerobic conditions (Fig. 1a, b) .
Other ROS-related metabolic enzyme genes, namely, thioredoxin gene (trxA), thioredoxin reductase gene (trxB), ferredoxin gene (fer), 7Fe ferredoxin gene (fdxA), and ferredoxin-NADP + reductase gene (yumC), were induced under aerobic conditions (Fig. S3) . We could not find the gene for haem catalase. We found a putative gene for manganese catalase (AXY_01740) through a similarity search. No positive signal for this putative gene was detected through transcriptional analysis under aerobic and anaerobic conditions (Fig. S3 ), suggesting that its transcriptional level, if any, was too low to be detected under the two conditions. The DNA protection during starvation protein gene (dps) was not significantly induced under aerobic conditions (Fig. 1b) .
Purification of oxygen metabolic and Prx-reducing enzymes
The above analysis revealed that A. xylanus has and transcribes two oxygen metabolic enzyme genes (nox1 and nox2) under aerobic conditions. To understand the structure and function of these gene products, we attempted to purify oxygen metabolic and Prx-reducing enzyme from aerobically grown A. xylanus.
Previously, NADH oxidase was purified as an NADHdependent oxygen metabolic enzyme (Niimura et al., 1993; Ohnishi et al., 1994) , which decomposes peroxides in the presence of Prx (Nox-Prx system) (Niimura et al., 1995 (Niimura et al., , 2000 Niimura & Massey, 1996) . This enzyme system is also supposed to regenerate NAD with oxygen in A. xylanus and Sporolactobacillus inulinus (Nishiyama et al., 1997) , but the regeneration mechanism for NADPH in A. xylanus is still obscure. To address whether the amount of NADH oxidase in this bacterium is sufficient for regeneration of NADP or whether NADH oxidase is a unique enzyme responsible for peroxidase degradation with the aid of Prx, we resurveyed and purified enzymes with activities of NADH oxidase, Prx-dependent NADH peroxidase, NADPH oxidase and Prx-dependent NADPH peroxidase from the cell extracts of A. xylanus.
The soluble fraction obtained from aerobically cultured bacterial cells was loaded onto a Butyl TOYOPEARL 650S column. Two enzymic activities (NADH oxidase and Prxdependent NADH peroxidase) were co-eluted as a single peak by a reverse linear concentration gradient of ammonium sulfate (Fig. S4 ). This enzyme active fraction was applied to a DEAE Sepharose F.F. column. The enzyme activity was released by a linear concentration gradient of NaCl and found as two enzymically active peaks (Fig. S4 ). These two peaks were collected and named 'first peak' and 'second peak' based on the order of their elution. The first peak and the second peak contained weak NADH oxidase activity and higher Prxdependent NADH peroxidase activity, respectively. Activities of NADH oxidase and Prx-dependent NADH peroxidase are shown in Fig. S4 , but NADPH oxidase and Prx-dependent NADPH peroxidase activities are not shown because they were quite low (Table 2 ).
According to SDS-PAGE, the proteins in the first and second peaks had molecular masses of 23 kDa and 55 kDa, respectively (Fig. S5) . BLAST search analysis of N-terminal amino acid sequences of the proteins showed that the 55 kDa protein has 100 % N-terminal amino acid sequence identity to A. xylanus NADH oxidase (H 2 O 2 forming) (AXY_22010) and the 23 kDa protein has 100 % N-terminal amino acid sequence identity to NAD (P)H oxidoreductase (AXY_21020). However, the latter enzyme activity represents only 1 % of the total oxidase activity (Table 2) . Furthermore, this enzyme was not capable of reducing Prx. These results indicate that neither the NAD(P)H oxidoreductase nor the NADH oxidase (H 2 O forming) is involved in the Nox-Prx system, but the NADH oxidase (H 2 O 2 forming) is involved in the system of A. xylanus. (Fig. 2a) . These spots were named spots 1, 2, 3a, 3b, 4 and 5 as shown in Fig. 2 . After 2-D electrophoresis, the induced proteins were electroblotted to PVDF membranes, and their N-terminal amino acid sequences were determined. The homology search using the Fig. 1 . Northern blot analysis of total RNA isolated from A. xylanus. Hybridization with probes made from DNA fragments encoding genes related to pyruvate metabolism (a), oxygen and ROS metabolism (b) and flavin synthetic pathway (c). The genes related to pyruvate metabolism were divided into three groups: (i) specific enzyme genes in the anaerobic pathway, (ii) enzyme genes common to both aerobic and anaerobic pathways, and (iii) specific enzyme genes in the aerobic pathway. A. xylanus were cultured under 0 % (AN) and 21 % (AE) O 2 , and then total RNA was extracted. Estimated transcript sizes are indicated on the right of each panel. To confirm equal loading of RNA samples, both 23S and 16S rRNA were visualized with ethidium bromide and are shown below the autoradiogram. Each experiment was repeated at least twice in cells grown in different culture types, and three times or more when necessary. AXY_09350, AXY_09360, AXY_13600, AXY_18470. # 6,7-Dimethyl-8-ribityllumazine synthase, GTP cyclohydrolase II, riboflavin synthase a chain, diaminohydroxyphosphoribosylaminopyrimidine deaminase, riboflavin kinase. **ribH, ribA, ribB, ribG, ribC. DDAXY_08720-08750, AXY_14540. 
Metabolic pathway of Amphibacillus xylanus
A. xylanus genomic database showed that the N-terminal amino acid sequences of spots 3a and 3b on the 2-D gel were identical to those of manganese superoxide dismutase (AXY_ 11340) . The N-terminal amino acid sequences of the remaining four spots, spots 1, 2, 4 and 5, were found to be identical to those of PDH complex E1 component a subunit (AXY_16200), PDH complex E3 component (AXY_16170), riboflavin synthase bchain (AXY_08720) and AhpC (AXY_22000), respectively.
According to the genomic analysis, the genes for these four proteins are known to form gene clusters (Gao et al., 2002; Kil et al., 1992; Mironov et al., 1994; Neveling et al., 1998; Niimura et al., 2000) . These clusters are pdhABCD, ribGBAH and nox-prx, which are associated with the PDH complex, the flavin synthetic pathway and the Nox-Prx system, respectively (Fig. 2b) . As shown in Fig. 1[a(iii), c) ], the gene expression of these three gene clusters appears to be correlated with the production of their gene products.
2-D proteomic and gene expression analyses under forced oxidative stress conditions
To confirm a proposed metabolic pathway based on our genomic analysis and transcriptional study, we first investigated the resistance ability of A. xylanus under forced oxidative stress conditions and conducted a proteomic analysis of A. xylanus grown under such conditions.
As shown in Fig. S6 , A. xylanus grew under forced oxidative stress caused by 0.1 mM hydrogen peroxide (anaerobic growth), 0.3 mM PQ (aerobic growth) and 80 % oxygen. We chose the same oxidative conditions for a proteomic study of bacteria exposed to forced oxidative stress.
In hydrogen peroxide stress under anaerobic conditions, spots 4 (riboflavin synthase b-chain) and 5 (Prx) were induced. In PQ stress under aerobic conditions and 80 % oxygen stress, no other proteins except the five induced proteins under the aerobic conditions were induced (Fig. 2a) .
The transcriptional induction of A. xylanus by forced oxidative stress was examined by Northern blot analysis. A. xylanus was cultured under anaerobic conditions until it reached the early exponential growth phase, and then was treated with the indicated oxidants. Under hydrogen peroxide stress, the bacteria were harvested after treatment with hydrogen peroxide for 0, 10 or 30 min under anaerobic conditions. After 10 min of treatment, all the tested genes were transcriptionally induced (Fig. 3) . The expression levels of PDH complex, Prx and Nox genes were attenuated after 30 min of hydrogen peroxide treatment, possibly because of the degradation of hydrogen peroxide with time. On the contrary, the transcriptional induction of the flavin synthetic genes (ribBAH) was enhanced with time ( Fig. 3) .
In PQ stress, A. xylanus was cultured in the presence of 0.3 mM PQ for 0, 10 or 30 min under aerobic conditions. After treatment with PQ, the transcriptional induction of prx and nox1 was enhanced with time ( Fig. 3) . On the contrary, the induction of other oxidative stress-related genes was not obvious. *Oxidase activity was measured in air-saturated 50 mM sodium phosphate buffer, pH 7.0, containing 150 mM
DPrx-dependent peroxidase activity was measured in 50 mM sodium phosphate buffer, pH 7.0, containing 150 mM NAD(P)H, 500 mM t-BOOH, 500 mM EDTA and 300 mM ammonium sulfate with or without (control) 30 mM Prx under aerobic conditions.
D. Mochizuki and others
Enzyme activity induced under oxidative stress in A. xylanus
Cell-free extracts prepared from cells that were cultured under the indicated oxidative stresses (the same treatment used in the 2-D PAGE analysis experiments) were used to examine the enzyme activity induced under various oxidative stresses. Table 3 shows activities of the enzymes, NADH oxidase (H 2 O 2 forming, a component of the NADH oxidase-Prx system), superoxide dismutase, and dihydrolipoamide dehydrogenase (PDH complex E3 component).
NADH oxidase activity was increased threefold in the anaerobic culture with hydrogen peroxide and threefold in the aerobic culture. The addition of PQ in the aerobic culture resulted in a sixfold increase as compared to the anaerobic condition (Table 3) . These results were consistent with those shown in the Northern analysis of the nox1 gene (Fig. 3 , Table 4 ).
Next, dihydrolipoamide dehydrogenase activity, which is representative of PDH complex activity, was measured.
The enzyme activity was increased sixfold in the aerobic culture as compared to the anaerobic culture. There was no further increase in activity when PQ was added to the aerobic culture. These results were consistent with the results obtained in the Northern analysis of the pdhABCD genes (Table 4) . On the other hand, the enzyme activity in the anaerobic culture was not increased by the addition of hydrogen peroxide (Tables 3  and 4 ). Compared to activity in the anaerobic culture, superoxide dismutase (SOD) activity was not affected by the addition of hydrogen peroxide. SOD activity was fivefold higher in aerobic culture than in anaerobic culture. Enzyme activity in the aerobic culture reached 37.3 U (mg protein) 21 , a level similar to our previous finding (Niimura et al., 2000) . In addition, SOD activity was elevated 1.3-fold by the addition of PQ to the aerobic culture. This slight increase might be due to the enhancement of basal activity by aerobic culture, indicating that SOD induction could be already saturated under aerobic conditions (Table 3) . 
DISCUSSION
Oxygen typically exerts either a positive or a negative effect on bacterial growth. In the atypical case of A. xylanus, interestingly, growth rate and cell yield are the same under both aerobic and anaerobic conditions (Niimura et al., 1990) . In view of this unique growth property of A. xylanus, we previously proposed anaerobic and aerobic pathways for pyruvate metabolism in this species (Niimura et al., 1989 (Niimura et al., , 2000 . The present genomic analysis and transcriptional examination showed that A. xylanus has both anaerobic and aerobic pathways linked to pyruvate metabolism. In addition, through the NADH oxidase SOD and Prx are primary antioxidants that protect cells against oxygen toxicity (Niimura et al., 2000) . There is an interesting question which metabolic pathway or system is associated with the bacterial growth under oxidative conditions. Hydrogen peroxide is formed not only by the SOD reaction but also by other oxidase reactions. There are multiple peroxide-detoxification enzymes such as catalase, and various peroxide reductase systems in aerobes and aerotolerant anaerobes (Hannsson & Haggstrom, 1984; Loewen & Switala, 1987; Mishra & Imlay, 2012; Murphy & Condon, 1984) . However, we were not able to detect any enzyme activity of peroxide-detoxification except for NoxPrx in cell-free extracts obtained from aerobic culture (Niimura et al., 2000) . In this study, we demonstrated through the genomic, proteomic, and enzymological study of A. xylanus that Nox-Prx is a relevant factor in the detoxification of peroxides.
Nox-Prx and AhpF-Prx systems are widely distributed in bacterial obligate aerobes, facultative aerobes, aerotolerant anaerobes and obligate anaerobes (Koyama et al., 1998; Nishiyama et al., 1997 Nishiyama et al., , 2001 Mochizuki et al., 2012) . Lactic acid bacteria and A. xylanus lack a respiration chain and haem catalase. The Nox-Prx system was also found in some lactic acid bacteria species (Jiang et al., 2005; Poole et al., 2000a) , including Streptococcus mutans. Interestingly, deletion of both nox1 and ahpC genes had no effect on the sensitivity of S. mutans to cumene hydroperoxide or hydrogen peroxide, suggesting the presence of another antioxidant system(s) independent of Nox-Prx to compensate for its deficiency . S. mutans is known to have DNA-binding proteins from starved cells (Dps).The Dps were vigorously induced under aerobic conditions (Yamamoto et al., 2004) and eliminated iron by binding it in the cells of S. mutans . Yamamoto et al. named Dps in S. mutans Dpr . Although the Dps gene was present in A. xylanus, its transcriptional induction was insignificant under aerobic conditions. In addition, A. xylanus required iron for aerobic growth (Y. Niimura, unpublished data). These results indicate that, in A. xylanus, Dps may not always be essential for aerobic growth.
The Nox in the Nox-Prx system requires NADH for its reaction. Thus, any change in the NADH/NAD ratio in the bacteria is thought to affect the Nox-Prx system as well as the metabolic systems. There are several ways to generate NADH in A. xylanus and the lactic acid bacterial species S. mutans. Both A. xylanus and S. mutans generate NADH from a glyceraldehyde-3-phosphate dehydrogenase in the glycolytic pathway. The pyruvate that is the end product of glycolysis is also a source of NADH production. In lactic acid bacteria, there are three pyruvate metabolic enzymes: lactate dehydrogenase (LDH), pyruvate oxidase (POX) and PDH (Carlsson et al., 1985; Quatravaux et al., 2006; Yamada & Carlsson, 1975) . Of these three enzymes, only PDH can generate NADH. LDH consumes NADH to produce lactate and NAD + . Although S. mutans has LDH and PDH , A. xylanus has only PDH because it has undergone gene deletion of LDH and POX (Table 1) . Consequently, the total amount of NADH production under aerobic conditions may be much higher in A. xylanus than in S. mutans, suggesting that the amount of NADH provided to the Nox-Prx system in A. xylanus is larger than that in S. mutans and other lactic acid bacteria. A sufficient supply of NADH to the Nox-Prx system in A. xylanus must be indispensable to keep the Nox-Prx system functioning as a primary antioxidant system against oxygen toxicity and to grow A. xylanus under oxidative conditions.
The Nox-Prx system should function not only in the hydrogen peroxide-scavenging system but also in the oxygen metabolic system in A. xylanus, which lacks a respiratory chain. In our previous reports, the Km value of NADH oxidase in the Nox-Prx system for oxygen was found to be 1.7 mM, which was apparently too high to effectively catalyse the reoxidation of NADH by oxygen in the cell. In the presence of free FAD, the NADH oxidase's activity was markedly accelerated. As a result, the Km value for oxygen was greatly decreased to a level too low to be detectable (Nishiyama et al., 2001) . Furthermore, the NADH oxidase and E1 and E3 enzymes in the PDH complex are known to be flavo-enzymes that require flavin at their active centres. We found free flavin in A. xylanus cells (Ohnishi et al., 1994) . Thus, the induction of a riboflavin synthase system observed under oxidative stress probably plays an essential physiological role in supplying two types of flavin, namely, free flavin and flavin bound to protein (NADH oxidase-Prx system and PDH complex).
In conclusion, we confirmed the existence of two distinct pyruvate metabolic pathways, one corresponding to aerobic growth and one to anaerobic growth (Fig. 4) , and proposed that the aerobic metabolic system can function as a unique dominated antioxidant system consisting of an NADH oxidase-Prx system, a PDH complex and flavin synthase. The extraordinary resistance of A. xylanus to strong oxidative stresses, although it lacks haem catalase, ordinary peroxidases, and respiratory chains, is likely to be due to this cooperative system (Fig. 4) .
To our knowledge, this is the first example of this kind of oxygen detoxifying system, which is especially unique in its involvement of free flavin. To confirm this concept we are investigating the physiology of free flavins and flavoenzymes 
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